RESEARCH PAPER

Cancer Biology & Therapy 13:10, 925-934; August 2012; © 2012 Landes Bioscience

Trans-resveratrol boronic acid exhibits enhanced
anti-proliferative activity on estrogen-dependent
MCF-7 breast cancer cells

Venkata Mahidhar Yenugonda,"*' Yali Kong,"** Tushar B. Deb,? Yonghong Yang,'? Rebecca B. Riggins? and Milton L. Brown'*

'Drug Discovery Program; Georgetown University Medical Center; Washington, DC USA; 2Department of Oncology and Lombardi Comprehensive Cancer Center;

Georgetown University Medical Center; Washington, DC USA

These authors contributed equally to this work.

Keywords: resveratrol, boronic acid, estrogen receptor positive breast cancer, anticancer agent

Resveratrol (RSV), a natural compound present in the skin and seeds of red grapes, is considered a phytoestrogen and
has structural similarity to the synthetic estrogen diethylstilbestrol. RSV inhibits tumor cell growth in estrogen receptor-
positive (ER") and negative (ER) breast cancer cell lines resulting in cell specific regulation of the G /S and G,/M stages
of the cell cycle. However apoptotic cell death was only observed in ER* MCF-7 cells. In this study, we designed and
synthesized boronic acid derivative of RSV and evaluated their biological effects on ER* MCF-7 breast cancer cells. The
trans-4 analog inhibited the growth of MCF-7 cells and is not a substrate for p-glycoprotein. The trans-4 analog induces
G, cell cycle arrest, which coincides with marked inhibition of G, cell cycle proteins and a greater pro-apoptotic effect.
Finally, the trans-4 analog had no effect on the estrogen-stimulated growth of MCF-7 cells. Our results demonstrate that
the trans-4 analog inhibits MCF-7 breast cancer cells by a different mechanism of action than that of RSV (S-phase arrest),
and provides a new class of novel boronic acids of RSV that inhibit breast cancer cell growth.

Introduction

Breast cancer is the second-most common cause of cancer-related
death in women in the US; in 2009, this equated to over 207,000
new cases and 39,000 breast cancer deaths.! Estrogens and the
estrogen receptors o and 3 (ERa and ERB) play an impor-
tant role in the development of ~70% of breast cancer.®® One
approach to inhibiting estrogen-responsive genes is to block the
receptors with an antagonist of natural or semi-synthetic ori-
gin.*> This approach is the basis for endocrine or anti-estrogen
therapy, which is the most common first-line therapy for women
with ER* breast cancer.

RSV, a natural phytoalexin found in the skin and seeds of
red grapes and other food products, has a wide spectrum of bio-
logical activities.® Recently, RSV has gained interest in cancer
chemoprevention based on its ability to inhibit cellular events
associated with cancer initiation, promotion and progression.”!!
Previous studies on the in vitro anti proliferative effects of RSV
suggest interactions with multiple molecular targets in several
different cancer cells derived from breast, skin, gastric, colon,
prostate and leukemia.'? However, pharmacokinetic studies of
RSV in humans conclude that even high doses of RSV might be
insufficient to achieve in vivo concentrations that are required
for the systemic prevention of cancer.'” This is in part due to
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low bioavailability and rapid metabolism to sulfate and gluc-
uronide conjugates.’®'® Therefore, several studies have focused
on the design and synthesis of novel RSV analogs with more
potent antitumor activity and a better pharmacokinetic pro-
file, and this remains an active field in the area of cancer drug
discovery.'”*°

In ER* MCEF-7 breast cancer cells, 17B-estradiol (E2) induces
rapid transcriptional activation of ER and the activation of its
target genes. This includes transient upregulation of cyclin D1,
which leads to G /S cell cycle transition.”** E2 also induces the
anti-apoptotic effects via an increased Bcl2/Bax ratio. Therefore,
E2 is likely to contribute to tumor promotion in breast cancer
cells through its pro-proliferative and anti-apoprotic effects.

RSV is classified as a phytoestrogen and has structural simi-
larity to the synthetic estrogen diethylstilbestrol and its ability
to interact with estrogen receptors a and B (ERa and ERB) in
the micromolar range with an affinity lower than that of estra-
diol.** Despite being a weak competitor of estradiol, RSV may
act as a cooperative agonist in activating hormone receptor medi-
ated gene transcription. Aside from cooperative agonism, RSV
also exerts an anti-estrogen action by triggering the inhibition of
estrogen induced cellular pathways associated with tumor pro-
liferation and progression. However in the presence of estrogen
(E2), RSV can have mixed agonist-antagonist action with respect
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Figure 1. (A) Structures of known boronic acid compounds and (B) design of boronic acid analogs of resveratrol: cis-4 and trans-4.

to the growth of ER* cells.”>? Overall, RSV triggers multiple
pathways that may or may not involve ER activation.?®%

Debate continues in regards to the direct molecular
mechanism(s) and downstream effectors of RSV. Studies have
implicated direct [phosphodiesterase (PDE) enzymes],* indirect
protein pathways (activation of sirtuin SIRT1 through a signal-
ing cascade involving cAMP and AMPK)?' and transcription
factors (STAT1).3* Taken together these studies support that
multiple molecular targets have a role in RSV’s mechanism(s)
of action.

Previously we reported on a boronic acid bioisostere of com-
brestatin A-4 and chalcone analog of combrestatin A-4 as a
potent anticancer agent.*** Additionally, these chemotypes have
displayed a variety of biological activities include proteosome

inhibition,” enzyme and protein inhibition,*® antibacterial and
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antiviral activity.?”3* Since boronic acid compounds have unique
structural features, in this study we utilized this approach to syn-
thesize both c¢is-and trans-novel boronic acid derivatives of RSV

(Fig. 1B) and studied their effects on ER* MCF-7 human breast
cancer cells.

Results

Chemistry. The strategy used to synthesize the boronic acid res-
veratrol analogs c¢is-4 and trans-4 is outlined in Figure 2. Briefly,
5-(bromomethyl)-1,3-dimethoxybenzene was treated with tri-
phenylphosphine to yield the phosphonium salt compound
2 in a 94% yield. This was followed by a Wittig coupling of
compound 2 with 4-formylphenyl boronic acid pinacol ester in
the presence of n-BuLi and resulted in a mixture of stilbenes 3

Volume 13 Issue 10



OHC@BD’\E H,CO N
H;CO CH,Br PPh, H,CO PPh,Br o)
THE n-BuLi/THF OCH; g
OCHj,4 94% OCH; B.
O O
: 2 Vany
cis/trans-3 mixture
H;CO X HO SN
O BBr3 O
—
OCH3 CH2C12
.B. B
O O HO "OH
column 7—%
chromatography _
—_— cis-3 (49%) cis-4 (60%)
oi OH
i’ B‘
o 0on
H;CO O X BBr, HO O
 — .
CH,Cl,
OCH;4 OH
trans-3 (22%) trans-4 (76%)

Figure 2. Synthetic scheme of cis-4 and trans-4.

(in a 2:1 cis/trans ratio). The cis/trans mixture was purified
and isomers were separated by flash column chromatography.
Conversion of the separated ¢is-3 and #rans-3 isomers to the final
cis-4 and trans-4 boronic acid products was accomplished by
treating cis-3 and #rans-3 independently with borontribromide
to afford the fully deprotected products cis-4 and trans-4. The
purity of all the final target compounds was confirmed by reverse
phase HPLC analysis using two different mobile phases (A:
10—-40% acetonitrile in H,O (v/v), flow rate at 1 mL/min over
20 min; method B, 8%—-40% methanol in H,O (v/v), flow rate
at 1 mL/min over 20 min).

Biologic effect of trans-4 on MCF-7 human breast cancer
cell growth inhibition. To examine the anti-proliferative effect
of newly synthesized compounds, we first compared the effects
of cis-4 and trans-4 to that of RSV on the growth of ER* MCE-7
human breast cancer cells using the WST-1 assay. As shown in
Table 1, the trans-4 analog has enhanced anti-proliferative activ-
ity on MCF-7 cell growth in a time and concentrated-dependent
manner, with GI; values of 36.6 uM + 0.06 for 48 h and 31.1 uM
+0.05 for 72 h. In contrast, the GL is nearly > 100 uM for RSV
and the c¢/s-4 analog at 48 and 72 h (Table 1). These results are
also consistent with studies published by Joe AK, et al. in which
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the GL | for RSV is also > 100 uM in MCF-7 cells. Our study
shows that #rans-4 is a more potent inhibitor of cell prolifera-
tion than RSV, warranting further examination of its mechanism
of action. To determine whether the cell growth inhibition of
trans-4 require the ER, we performed a similar experiment in the
ER-cell line MDA-MB-231. As shown in Figure S1 the GI; of
trans-4 is 46.0 pM = 1.23 for 72 h supporting that the improved
potency of zrans-4 is independent of ER expression. Importantly,
trans-4 has preferential toxicity toward cancer cells. As shown in
Figure S2, the trans-4 has at least 2-fold lesser toxicity in immor-
talized “normal” human breast epithelial cells compared with
normal cells.

Growth inhibitory effects of zrans-4 on a multidrug resistant
variant of MCF-7 cells. During chemotherapy, breast tumor cells
commonly develop resistance® through a phenomenon known
as multidrug resistance (MDR). Overexpression of P glycopro-
tein 170 (Pgp-170, the product of the MDRI gene) is one of the
most common causes of MDR and is expressed in many types
of cancer including breast and ovary.*’ We evaluated #rans-4 for
effects on the growth of CL10.3 cells, a derivative of MCEF-7 that
overexpresses the P-glycoprotein,® to assess its susceptibility to
MDR. As shown in Table 2, trans-4 is equipotent in CL 10.3 and
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Table 1. Effects of cis-4, trans-4 or RSV on growth inhibition of the ER?,
estrogen-dependent human breast cancer MCF-7 cell line

MCF-7 Cell growth inhibition (WST-1 assay, G1,, uM)

Compound 48 h 72h
trans-4 36.6 = 0.06 31.1 £0.05
cis-4 155.8 £0.10 173.8 £0.10
RSV 97.7 £0.10 105.2 + 0.09

Note: cis-4, trans-4 and RSV were tested at various concentrations

for effects on cell growth inhibition of MCF-7 breast cancer cells. Cell
growth inhibition was estimated 48 and 72 h after the addition of each
compound using the WST-1 reduction assay. The Gl value (the concen-
tration yielding 50% growth inhibition) was interpolated from the graph
of the log of compound concentration vs. the fraction of surviving cells.
The Gl was calculated using Graph Pad Prism. Data are expressed as
mean (+ SEM) of triplicate experiments.

Table 2. Effects of trans-4 or paclitaxel on the growth inhibition of
multi-drug resistant breast cancer cell lines

CL 10.3 Cell growth inhibition (WST-1 assay, G, , pM 72 h)
Cell line Origin trans-4 Paclitaxel
MCF-7 breast 31.10 £ 0.05 0.002 + 1.12
CcL10.3 breast (MDR) 49.09 + 0.001 > 50
MDR Gl, /non-MDF Gl 1.57 > 25,000

Note: trans-4 or Paclitaxel were tested at various concentrations for
effects on cell growth inhibition of breast cancer cells. Cell growth
inhibition was estimated 72 h after the addition of each compound
using the WST-1 reduction assay. The Gl value (the concentration yield-
ing 50% growth inhibition) was interpolated from the graph of the log
of compound concentration vs. the fraction of surviving cells. The Gl
was calculated using Graph Pad. Data are expressed as mean (+ SEM) of
triplicate experiments.

MCE-7 cells. This is in contrast to paclitaxel, a known substrate
of MDR1,% which strongly inhibits MCF-7 cell growth but has
no effect on CL 10.3 cells. These results clearly demonstrate that
trans-4 is effective in multidrug resistant breast cancer cells and
therefore may have potential therapeutic utility in this important
clinical context.

Effect of trans-4 on cell cycle distribution in MCE-7 cells. To
determine whether the growth inhibitory effect of #rans-4 occurs
through blockade of the cell cycle, we analyzed the DNA content
in each phase of the cell cycle by flow cytometry. MCF-7 cells
treated with DMSQO (vehicle control), cis-4 and trans-4 for 16,
24, or 48 h were subjected to flow cytometric analysis. As shown
in Figure 3A, trans-4 induced a time-dependent accumulation of
cells in the G, compartment relative to vehicle control. The G,
phase accumulation was paralleled by a marked reduction in the
percentage of cells in the S phase. Trans-4 at 30 pM reached the
highest level of G, arrest with 26% more cells in G, as compared
with control at 48 h (Fig. 3B). These data suggest trans-4 blocks
MCEF-7 cell cycle progression in the G, phase, which likely con-
tributes to its growth inhibition effects.

Irreversible effect of trans-4 on MCE-7 cell growth inhi-
bition. Because trans-4 was a more potent inhibitor of MCE-7
cell growth as compared with RSV, we examined whether the
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growth inhibition was irreversible or reversible. Toward this end,
we treated cells with #7ans-4 under three different conditions as
described in the materials and methods using the WST-1 assay.
As shown in Figure 4, the GI,| for trans-4 after 48 h of treat-
ment is 45 uM (method 1). Treatment of cells with trans-4 for
48 h followed by recovery in fresh media without zrans-4 for an
additional 48 h (method 2) gave a GI, of 22 WM which is 2-fold
lower than method 1. The effects were selective to cancer cells
as compared with normal cells (Fig. S2) indicate that the initial
anti-proliferative effect of trans-4 in MCE-7 cells is maintained,
or even enhanced, in the absence of drug, i.e., irreversible. The
irreversible anti-proliferative effect of trans-4 was further con-
firmed by FACS analysis by measuring the percentage of DNA
in each cell cycle phase (Fig. $3). In addition, treatment of cells
with trans-4 for 72 h with media changes (containing trans-4)
after every 24 h (method 3) gave a GL of 10 wM. This result
suggests that sequential dosing with #rans-4 enhances its effect
on growth inhibition.

Effect of #rans-4 on the expression level of G, cell cycle
proteins in MCF-7 cells. We next investigated whether the cell
cycle arrest in the G, phase induced by zrans-4 was related to the
expression of G, cell cycle positive regulatory proteins that con-
trol the G,-to-S transition; these include cyclin D1 and cyclin E,
their associated cyclin-dependent kinases (cdk4 and cdk2), and
the phosphorylation state of pRb. MCF-7 cells were treated with
the indicated concentrations of trans-4 for 24 and 48 h, and then
harvested for immunoblotting. As shown in Figure 5, trans-4
decreases the expression level of cdk4, cdk2, cyclin E, cyclin D1
and pRb, which are responsible for cell cycle progression early
in the G, phase, with the greatest effect observed at 48 h expo-
sure. This downregulation of G,-S positive regulatory proteins
correlates with the observed accumulation of cells in G, phase in
trans-4 treated MCF-7 cells.

Apoptotic changes in MCF-7 cells in response to trans-4. To
characterize whether #rans-4 could induce apoptotic cell death
in MCF-7 cells, we examined cleavage of the caspase substrate
PARP by immunoblotting. As shown in Figure 6A and B cells
treated with 30 pM #rans-4 showed robust expression of the
85-kd a cleavage fragment of PARP. This band is more intense in
trans-4 treated MCF7 cells compare with RSV, which included
similar levels of PARP cleavage at 200 pM. These results demon-
strate that the stronger anti-proliferative effect of trans-4 is also
associated with a more potent induction of apoptosis when com-
pared with RSV.

Effect of trans-4 on E2-mediated stimulation of MCF-7 cell
growth. The 4" hydroxyl group of RSV mimics E2, which acti-
vates ER and stimulates down-stream signaling pathways in ER*
breast cancer cell lines.”>** However, RSV can have mixed ago-
nist/antagonist activity toward E2-mediated MCF-7 cell growth.
We therefore examined the effect of trans-4 on E2-mediated
cell growth to check #rans-4 action against ER and determine
whether it acts as an agonist or antagonist. MCF-7 cells were
seeded in a phenol-red free cell culture media and after 24 h,
cells were treated with the indicated concentrations of RSV or
trans-4 in the presence of a constant E2 concentration (107 M).
As shown in Figure 7A, trans-4 does not have any effect on E2
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Figure 3. (A) Effect of compounds on cell cycle distribution in MCF-7 breast cancer cell lines. Asynchronous MCF-7 cells were treated with 30 uM of
cis-4, trans-4 or vehicle control for different time intervals (16, 24 and 48 h), fixed in 70% ethanol and DNA content was determined by labeling with PI
followed by flow cytometric analysis. (B) Fraction of compound treated cells with trans-4 in G, relative to control-treated cells. Results are represented

as a mean of triplicate samples.

induced cell growth and therefore appears to have neither ago-
nist nor antagonist activity toward ER activity in MCEF-7 cells.
In contrast, RSV antagonizes E2-mediated MCF-7 cell growth
(Fig. 7B). These results convincingly demonstrate that, due to
structural alteration, #rans-4 boronic acid utilizes a different
mechanism to inhibit MCF-7 cell growth which is independent
of the ER.
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Discussion

RSV, a naturally occurring phytoalexin present in the skin and
seeds of red grapes and other medicinal plants, has received broad
attention due to its potential as a chemotherapeutic and cancer
prevention agent.”'® Previously RSV has been shown to have
growth inhibitory effects in different human cancer cell lines of
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This different mechanism (G, vs. S phase arrest) might be
the underlying cause for the more potent cell inhibitory effect
induced by #rans-4 as compared with RSV. The G,/S transi-
tion is a key regulatory point where a cell decides whether or
not to enter into DNA replication (S phase).** Hence, mol-
ecules that inhibit the G /S phase transition often have poten-
tial therapeutic significance. Importantly, trans-4 also showed
an irreversible growth inhibitory effect (Fig. 4).

The growth inhibitory action of #rans-4 (Table 2) and
RSV (Fig. $4) were also assessed on MDR human breast can-
cer cells (CL 10.3, derived from MCF-7 cells transfected with
the human mdr I gene). Trans-4 possessed significant inhibi-
tory activity against the MDR cell line and is likely not a sub-
strate for P-glycoprotein. Inhibition of the expression level of
G, phase regulatory proteins (cyclins D1 and E, CDK2 and
CDK4, pRb) in MCEF-7 cells (Fig. 5), further supports the
idea that #7ans-4 acts by halting cell division at the G,/S check
point. Treatment of cancer cells with the #rans-4 also strongly
induces apoptosis as measured by the 85 KD cleaved PARP
fragment. This effect occurred at a much lower concentra-

tion than RSV (Fig. 6). Finally, it appears that the molecular

Figure 4. Irreversible of trans-4 on MCF-7 breast cancer cell growth
inhibition under different conditions. After 24 h post incubation, cells
were treated with increasing concentrations of trans-4 (1-100 uM) under
three different conditions. In the first method, cells were exposed for 48 h
to trans-4. In the second method cells were exposed to trans-4 for 48 h,
washed with serum free media and cultured for additional 48 h without
compound. In the third method, cells were treated every 24 h to fresh
media with trans-4 for 72 h. Cells were harvested at the indicated times and
analyze for cell growth inhibition by the WST-1 method. Values represent
the mean = SD of triplicate wells. The experiment was repeated thrice with
identical results.

mechanism of #rans-4 action does not involve the ER or the
inhibition of E2-induced cell growth (Fig. 7).

In summary, we have designed and synthesized a new
class of boronic acid biomimetics of RSV that have enhanced
growth inhibition with G, cell cycle arrest and pro-apoptotic
capabilities in MCF-7 cells. Furthermore, treatment of
MCE-7 cells with #rans-4 resulted in irreversible growth inhi-
bition. These promising results support the #rans-4 analog for
the continued investigation of preclinical toxicity and efficacy.

both hematological and epithelial origin including breast, colorec-
tal, leukemia and epidermoid carcinoma. However depending on
concentrations of RSV, it behaves as estrogenic/anti-estrogenic
effect in ER* and ER" breast cancer cells and involved in growth
inhibition by different target in cell proliferation and apoptotic
pathways.?® Therefore the ability of RSV to interact with ER and
mechanism of tumor growth inhibition in breast cancer cells is
not conclusive. Due to these conflicting data, much attention
has been focused on the design and synthesis of novel structural
analogs of RSV that have more activity than RSV at inhibiting
cancer cell growth.

Previously we have shown that a set of CA-4 and chalcone
derivatives of CA-4 containing a boronic acid modification have
potent anti-proliferative effects.™** In the present study, we
designed and synthesize the boronic acid biomimetics of RSV
by replacing the 4-OH with to boronic acid resulting in the two
analogs shown in Figure 1B. Trans-4 has enhanced activity in
inhibiting MCF-7 cell growth compared with RSV (Table 1).
Previous studies of RSV on MCEF-7 cell growth inhibition were
accompanied by S-phase cell cycle arrest at much higher doses
(300 pM).** This also raises the possibility that growth inhibi-
tion by #rans-4 might also be attributed to cell cycle disruption.
We observed that #rans-4 induced a G, cell cycle phase arrest
at 30 pM in a time dependent manner as shown in Figure 3.
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Methods and Materials

General methods. NMR spectra were recorded using a
Varian-400 spectrometer for 'H (400 MHz) and *C (100 MHz).
Chemical shifts (8) are given in ppm downfield from tetrameth-
ylsilane, as internal standard and coupling constants (/-values)
are in hertz (Hz). Purifications by flash chromatography were
performed. Analytical high pressure liquid chromatography
(HPLC) and liquid chromatography/mass spectrometry (LC/
MS) analyses were conducted using Shimadzu LC-20AD pumps
and a SPD20A UV-vis detector. Reverse phase HPLC was per-
formed on Restek’s Ultra IBD C18 (5 wm, 4.6 x 50 mm) using
two Shimadzu LC-20AD pumps and a SPD-20A-vis detector set
at 330 nm: Method A, 10-40% acetonitrile in H,O (v/v), flow
rate at 1 mL/min over 20 min; Method B, 8—40% methanol in
H,O (v/v), flow rate at 1 mL/min over 20 min. High-resolution
mass spectra (HRMS) were recorded on a QSTAR Elite mass
spectrometer.

Chemical synthesis. 3,5-Dimethoxybenzyltriphenylphospho-
nium bromide (2). Triphenylphosphine (6.5 g, 24.7 mmol) was
added to a solution of 5-(bromomethyl)-1,3-dimethoxyben-
zene (4.4 g, 19.0 mmol) in dry THF (30 ml). The mixture was
refluxed with stirring for 24 h. The resulting white solid was fil-
tered and washed with ether/hexane to afford a white solid 2 (8.8
g, 94%). 'H NMR (400 MHz, CDCIL,) 87.70 (m, 9H), 7.59 (m,
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6H), 6.29 (m, 2H), 6.23 (m, 1H), 5.22 (d, 2H, ] =
14.4), 3.46 (s, 6GH).

Z-2[4-(3,5-dimethyoxystyryl) phenyl]-4,4,5,5-tet-
ramethyl-1,3, 2-dioxaborolane (Cis-3). Phosphonium
bromide 2 (3.0 g, 6.08 mmol) was suspended in
dry THF and cooled to -78°C. n-BuLi (3.8 ml,
6.08 mmol, 1.6 M in hexane) was added slowly with
stirring. The mixture was stirred at -78°C for 3 h and
4-formylphenyl boronic acid pinacol ester (1.41 g,
6.08 mmol) in 5 ml THF was added dropwise. The
reaction temperature was maintained at -78°C for
another hour, and the mixture was warmed to room
temperature. The reaction mixture was stirred over-
night. The mixture was poured into saturated NH,CI
(20 ml) and extracted with EtOAc. The extracts were
combined, washed with brine and dried over Na,SO,.
The organic layer was filtered and rotary concen-
trated to give the crude mixture of cis/trans stilbene 3.
Flash column chromatography using 5% EtOAc/hex-
ane eluted the cis-stilbene 3 (Rf = 0.52, Hex/EtOAc
= 5/1) as a white semi solid (1.1 g, 49%). 'H NMR
(400 MHz, CDCls): 87.74 (d, 2H, J = 8.0 Hz), 7.32
(d, 2H,J =8.4 Hz), 6.62 (d, 1H, J = 12.4 Hz), 6.56 (d,
1H, ] = 12.4 Hz), 6.44 (m, 2H), 6.34 (m, 1H), 3.63 (s,
6H), 1.35 (s, 12H).

E-2[4-(3,5-dimethyoxystyryl) phenyl]-4,4,5,5-tetra-

M —>0 15

pRb

cdk2

cyclin E

Cdk4

cyclin D

B-actin

trans-4

24h 48 h

30 60 0 15 30 60

methyl-1,3,2-dioxaborolane (Trans-3). Flash column

as described above yielded stilbene trans-3 (Rf = 0.49,
Hex/EtOAc = 5/1) as a pale yellow semi solid (0.5 g,
22%). '"H NMR (400 MHz, CDCl,): 87.82 (d, 2H, ]
-8.0), 751 (d, 2H, ] = 8.0 Hz), 7.10 (dd, 2H, ] = 16.8,
16.8 Hz), 6.68 (m, 2H), 6.72 (m, 1H), 3.82 (s, 6H),

tion.

Figure 5. Effect of trans-4 on the expression of G -S transition regulatory proteins.
MCF-7 cells were treated with the indicated concentrations of trans-4 for 24 and

48 h. Cell lysates were subjected to immunoblotting to detect cyclin D1, cdk4, cyclin
E, cdk2 and pRb proteins by their specific antibodies. Human -actin was used as a
loading control. Twenty micrograms of lysate was used for each experimental condi-

1.36 (s, 12H).

(Z)-4-(3,5-dihydroxystyryl) phenylboronic acid (Cis-
4). Cis-3 (0.4 g, 1.09 mmol) was dissolved in dry CH,CI,
(5 ml) and cooled to -78°C. BBr, (10 ml, 10 mmol, 1.0 M in
CHCI,) was added dropwise. The resulting mixture was stirred
at -78°C for another 1.5 h, then warmed to room temperature
and stirred overnight. The reaction was quenched with H,O (10
ml). Concentrated and applied to flash column chromatography
using 10% CH,Cl,/MeOH eluted the cis-4 (Rf = 0.5, CHCL/
MeOH = 9/1) as a soft solid (0.16 g, 60%). 'H NMR (400 MHz,
DMSO—dé): 89.11 (s, 2H), 7.97 (s, 2H), 7.62 (d, 2H, ] = 8.4),
717 (d, 2H, J = 8.0 Hz), 6.45 (dd, 2H, J = 12.4, 12.8 Hz), 6.05
(m, 3H) HPLC: Method A, retention time = 13.28 min; Method
B, retention time = 11.32 min; HRMS: 257.1059 (MH*). The 'H
NMR spectrum (Fig. S5) for cis-4 is provided.

(E)-4-(3,5-dihydroxystyryl) phenylboronic  acid — (Trans-4).
Trans-4 was obtained in 76% yield (Rf = 0.4, CHCI2/MeOH
= 9/1) as a semi-solid from the #7ans-3 following the same proce-
dure as described above. 'H NMR (400 MHz, DMSO-d,) 89.22
(s, 2H), 798 (s, 2H), 7.74 (d, 2H, ] = 8.0), 7.50 (d, 2H, ] = 8.0
Hz), 7.03 (dd, 2H, ] = 16.4, 16.4 Hz), 6.41 (m, 1H) Anal. Calcd
for C,H ,BO,-0.5 H,0: C, 63.38; H, 5.28. Found: C, 63.30,
H, 5.07. HPLC: Method A, retention time = 11.10 min; Method
B, retention time = 8.54 min; HRMS: 256.9723 (MH*). The

www.landesbioscience.com

HPLC chromatogram (Fig. $S6) and "H NMR spectrum (Fig. S7)
for trans-4 are provided.

Biological assays cell lines and culture. The human breast
cell lines MCF-7 (HTB-22), MDA-MB-231 (HTB-26) and
MCEF-10A were provided by the tissue culture core facil-
ity at Lombardi Comprehensive Cancer Center, Georgetown
University Medical Center. MCF-7MPR (CL 10.3) cells were a
gift from Dr Robert Clarke from the Georgetown University
Medical Center.”> MCF-7 and CL 10.3 cells were maintained
in DMEM (Gibco, 12491) supplemented with 10% heat inac-
tivated fetal bovine serum (FBS) (Hyclone, SH30396.03),
2 mM L-glutamine (Gibco, 25030), and 50 pg/mL each of
antibiotics, namely penicillin, streptomycin and neomycin at
37°C in a humidified incubator containing 5% CO,. MCF-
10A were maintained in Dulbecco’s modified Eagle’s medium-
F12 (DMEM/F12) (Invitrogen, 21041025) supplemented with
5% horse serum (Gibco, 16050), 1% penicillin/streptomycin
(Gibco, 15140), 0.5 pg/ml hydrocortisone (Sigma, H6909),
10 pg/ml insulin (Sigma, 15500) and 20 ng/ml recombinant
human EGF (Gibco, PHG0311).

Cell growth assay (WST-1 assay). The effect of the cis-4 and
trans-4 analogs RSV on cell growth was determined by WST-1
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50 mg/ml propidium iodide, incubated
in the dark for 30 min at room temper-
ature and analyzed by a FACSort Flow
Cytometer (Becton Dickinson). The
cell cycle distribution was evaluated on
DNA plots using the Modfit software
(Verity softwarehouse).

90 *— uM

Western blot analysis. Western
blotting was performed as previously

published.” In brief, cell pellets were
collected at the indicated times after
treatment with compounds, suspended
in 100 pL of lysis buffer (50 mM
TRIS-HCI, 150 mM NaCl, 1 mM
EGTA, 1 mM EDTA, 20 mM NaF,
100 mM Na, VO,, 0.5% NP-40, 1%
Triton X-100, 1 mM PMSF, 5 fg/ml
aprotinin, 5 pg/ml leupeptin), vortexed
twice and incubated in an ice bath for
30 min. Lysates were cleared by cen-
trifugation at 12,000 rpm for 15 min
at 4°C and protein was estimated by
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detergent compatible BCA protein
assay kit (Pierce). Equivalent amounts
of total proteins were resolved by SDS-

PAGE (10%) and transferred to PVDF

membranes. Membranes were blocked

Figure 6. Western blot analysis of PARP cleavage. (A) MCF7 cells were treated with trans-4 for 48 and
72 h and equal amounts of cell lysate were resolved using SDS-PAGE and analyzed by immunoblot
using anti-PARP antibody. The blots were re-probed with anti -actin antibody to confirm equal pro-
tein loading. (B) Comparison of density of cleaved PARP band (normalized with actin) of trans-4 and

by 5% non-fat powdered milk in TBST
overnight. Membranes were incubated
with the indicated primary antibodies

resveratrol were determined by densitometry NIH image analysis.

(Rabbit polyclonal antibodies Cdk2

assay. Briefly, cells were seeded into a 96-well plate at 3,500 cells
per well in DMEM containing 10% FBS. After overnight incu-
bation, cells were treated with the compounds (1-100 pM) for
48 and 72 h at 37°C. Control cells were treated with an equal
amount of DMSO. After the indicated incubation time, cell
viability was measured by WST-1 assay according to the manu-
facturer’s instructions (Roche). Briefly, 20 pL of WST-1 solution
was added in each well and incubated for 2—4 h. The water-solu-
ble tetrazolium salt of WST-1 is converted into orange formazan
by dehydrogenase in the mitochondria of living cells. Formazan
absorbance, which correlates to the number of living cells, was
recorded at wavelengths of 450 and 630 nm using a microplate
reader (Ultramark, Microplate Imaging System, Bio-Rad). The
GI,, was calculated from the graph of the log of compound con-
centration vs. the fraction of the surviving cells.

Cell cycle analysis. The effect of cis-4 and trans-4 on cell cycle
progression was analyzed by flow cytometry. Cells were seeded
in 6-well plates and treated with 30 pM of cis-4 and trans-4 at
different time intervals (16, 24 and 48 h). Cells were trypsin-
ized, centrifuged at 2,000 rpm and cell pellets were collected.
DPellets were washed with 1x PBS, permeabilized with 70%
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(SC-163) and Cdk4 (SC-260), mouse

monoclonal Cyclin E was obtained
from Santa Cruz, mouse monoclonal Cyclin D was obtained
from Santa Cruz, mouse monoclonal pRb was obtained from
BD PharMingen, Anti-actin was obtained from Sigma) for 2 h
followed by HRP-conjugated secondary antibodies for 1 h and
developed using enhanced chemiluminescence (Perkin Elmer).
For pRb protein, we used 6% acrylamide SDS-PAGE.

Cell growth assay (reversible/irreversible) for trans-4. To
determine whether the effect of trans-4 on growth inhibition
was reversible or irreversible, MCF-7 cells were treated with
trans-4 under three different conditions. In method 1, cells were
treated with #rans-4 continuously for 48 h. In Method 2, cells
were treated with trans-4 for 48 h and incubated further in fresh
media without #7ans-4 for an additional 48 h (a total of 96 h). In
Method 3, cells were treated with #rans-4 for 72 h with a change
in media containing fresh trans-4 after every 24 h. Cell viability
was measured at the indicated times by WST-1 assay according
to the above-mentioned protocol.

Measuring the DNA content in estrogen mediated MCF-7
cell growth. To examine the effect of resveratrol or trans-4 on
E2-mediated MCEF-7 cell growth, MCF-7 cells were cultured
in estrogen-depleted media (phenol-red free modified Eagle’s
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medium supplemented with 10% charcoal stripped FBS)
for 4 d, changing the media every 24 h. Cells were then
seeded in 24 well plates at 10,000 cells per well in 1 ml
of estrogen-depleted media. After 24 h incubation, media
were changed and contained the indicated concentration
of RSV, trans-4, E2 alone, or combinations of RSV with
E2 or trans-4 with E2. Cells were incubated at 37°C for an
additional 4 d. Media were removed and cells were frozen
at -78°C overnight and the DNA content in each well was
measured according to the manufacturer’s protocol (DNA
Quantification Kit, Bio-Rad). Results are represented as
mean of triplicate samples.

Test compound. RSV was purchased from Sigma and
the ¢is and trans boronic acid derivatives of RSV were
prepared as described in the chemical synthesis section.
Compounds were dissolved in DMSO at a 50 mM stock
concentration, stored at -20°C and diluted in serum-free
medium immediately before use.

Statistical analysis. All experiments were repeated
three times, and the data expressed as mean + standard
deviation (SD). Two-tailed Student’s t-test was used for
statistical analysis of the data. A p < 0.05 was taken as the
level of significance.
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